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Honors Abstract Addendum
It can be difficult to separate water and oil emulsions through traditional methods of
filtration. Therefore, investigations of filtering using thermo-responsive (TR) polymers, in this
case poly (vinyl methyl ether) (PVME), was conducted. It was hypothesized that below its lower
critical solution temperature (LCST), ~32°C, PVME has an affinity for water while oil
substances do not. However, at above its LCST, the opposite will be true. To verify this
hypothesis, iterations of filtration designs were created to provide optimum control over pressure
and flow with as little leaking as possible. The final optimized experimental apparatus was a
Chromaflex glass column that was attached to a regulated compressed air supply if needed and
the tested filtration medium was secured at the bottom of the column. Using membranes and
sponges, primarily thin sponge and grade 1 Whatman filter paper with or without various
modification, it was shown that porosity has a directly proportional effect on the volumetric flow
rate through the filters. It was further shown that, after PVME modification with 3aminopropyltriethoxy silane (APTES) acting as the bonding agent, room temperature water flow
rate remained constant or increased while diesel flow rate decreased by at least a third. These
changes in flow show that PVME has an affinity for water and not oil at room temperature. More
experimentation would need to be conducted to prove the TR behavior above the LCST.
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Executive Summary
The type of filtration used to separate water and oil mixtures is key to ensure there is no
contamination of oil nor water into the other liquid, especially for emulsified oil/water mixtures.
However, it is difficult to decant oil off water surfaces when they are in the form of an emulsion,
which commonly occurs in spills and wastewater systems. Therefore, a method of filtration using
a thermo-responsive (TR) polymer could provide a solution. More specifically in this research,
poly (vinyl methyl ether) (PVME) was used which is hydrophilic at temperatures below ~32°C
and hydrophobic at temperatures higher than that. This change in polymer wettability behavior
would allow for water and oil to be separated from each other at varying temperatures as desired.
In order to test the possibility of separating emulsified oil and water using a TR filter medium,
iterations of designs were first created and optimized to ensure that no leaks occurred during
testing while providing adequate pressure if needed. The first apparatus, a vacuum filtration
setup, was deemed unreliable due to the uncontrolled pressure differential along with an inability
to stop flow after every run. The second design utilized 3D printing and the ability to easily
redesign the pieces if necessary. However, the 3D pieces were faulty primarily from the
numerous un-even features through the pieces, caused by the printing process, which caused
leaking and unreliable flow data. The final design used a Chromaflex glass column which was
water tight, reliable, and could hold pressure. Therefore, this setup was used in all testing.
The tests themselves compared the effects of different membranes and sponges: nonmodified, TR PVME modified with the aid of 3-aminopropyltriethoxy silane (APTES) as a
bonding agent, and hydrophobic octadecyltrichlorosilane (OTS) modified. These tests also
correlated the effects of different fluid polarities on the flow rate through the filter medium. The
first round of tests found that, unsurprisingly, thin sponge (~1 mm) had the largest flow rate
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when compared to thicker foam (~8 mm) and grade 1 Whatman filter paper due to the higher
porosity. This higher flow rate is further shown in the modified membrane tests where OTS
modified thick sponge (~4 mm), by far, had the largest flow rate out of all of the membranes
because it had the highest porosity. A baseline water filtration rate for base filter paper at room
temperature was found to be 24.5±1.7 mL/min and the unmodified thin sponge was around ten
times that flow rate. Another result of these tests was that the flow rates, as collection time
increased, remained constant. This consistency shows that the flow rates were not affected by
hydrostatic pressure.
The second round of tests with the modified membranes found that OTS was affective at
reducing the membranes’ affinity for water at room temperature. The OTS modified filter paper
had a water flow rate of 2.41±0.72 mL/min which is one-tenth the flow rate of the baseline test.
The thin sponge also saw a significant decrease in flow of around 80%. Since the OTS
modification was meant to, and did, decrease the flow rate of water due to its hydrophobicity, it
can be said that OTS is a good control to represent hydrophobic behavior at room temperature.
PVME, on the other hand, saw an average increase in flow rate of 37% to 33.6±9.6 mL/min for
the modified filter paper with water at room temperature. This increase in flow for modified filter
paper, along with modified thin sponge’s flow rate barely changing, showed that the PVME
would be a good comparison for the effects modification has on the water flow rate.
The final round of tests, performed with diesel, had fouling issues. It was found that, as
successive tests were performed, the flow rate would decrease even when the starting height of
liquid and the amount of time for collection remained the same. This type of decrease shows that
it was caused by fouling and not from any effects from hydrostatic pressure. Due to these faults,
the diesel flow rates were only compared to other diesel tests and not with water ones since the
5

diesel flows will naturally be lower culminating from the fouling. These runs found that unmodified and PVME modified filter paper, with the aid of APTES had flow rates of 18.2±8.1 and
10.9±5.8 mL/min, respectively, when conducted with diesel. Those flows represent a 40%
reduction in flow rate for diesel and, when compared to water’s 37% increase in flow, further
proves that PVME does have TR behavior at lower temperatures, making it suitable for some
water-oil separation. The experiments carried out so far were only able to generate some very
preliminary results, since more effort was put into designing the filtration apparatus. In the
future, more testing would be needed to test the TR behavior at both low and high temperatures
as well as repeating some of the experimental results generated in this study. In addition,
oil/water emulsions should be used, instead of just water or diesel alone, to evaluate the
effectiveness of the TR PVME membranes in separating oil from the emulsified water.
Some broader implications of this work, besides creating a method of separating water/oil
emulsions, includes further research into PVME as a TR polymer used in filtration methods.
Most current research in TR membranes uses poly (N-isopropylacrylamide) (pNIPAAm) which
is costly and difficult to deal with. On the other hand, PVME is much cheaper and easier to
modify, especially with the use of silane networks to aid in PVME adhesion to the cellulose
surface. TR research could also be used in the future to clean oil spills more efficiently because it
could work under more conditions than booms and it is less environmentally invasive than
burning or chemical dispersants. One simple product using TR membranes could do the job.
Some personal benefits from this project includes learning new areas of lab tests, including
contact angle measurements, along with learning the novel areas of polymer research
encompassing all stimuli-responsive polymers. Furthermore, it was beneficial to understand what
graduate school lab research would be like. Overall, it was a great experience.

6

Introduction
Around the world, filtration is used to separate and purify many systems. Some such
processes include high-efficiency particulate air (HEPA) filters to capture particles to purify
hospital air and reverse osmosis which utilizes a membrane and pressure to obtain freshwater
from saltwater. However, one of the most important filtrations for wastewater and spills are
water/oil separations. In many cases, oil can be decanted off the top of water due to the different
polarities of the two liquids. However, in an agitated state, such as in flowing wastewater piping,
the mixture becomes an emulsion of oil and water which is more difficult to separate since the
surface tension of water can keep oil in tiny micelle droplets. For these cases, a more thorough
filtration type is needed to selectively filter out water or oil at any one particular time. To solve
this problem, filtrations utilizing the switchable wettability of thermo-responsive (TR) polymers
on various membrane and sponge types were investigated.
The first goal of this project was to design a filtration setup to evaluate the performance
of grafted and non-modified membranes. Water and oil, in this case specifically diesel, was
flowed through each type of filter under controlled parameters with the flow rate varying. This
setup needed to be water tight in order to prevent leaking which would, in turn, skew the
measured flow rate. Additionally, a connection away from the liquid level was desired in order to
increase the pressure differential across the filter if needed. This pressure gradient was created
through the use of a vacuum or an above ambient pressure supply.
The second goal of this project was to evaluate the performance of different cellulose
membranes with the same level of modification between them. The comparison was done
through flow tests where a higher flux, with all other parameters remaining constant, would
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represent a higher porosity. The trends between the different membranes were the groundwork
for analyzing the effects of PVME modification and different liquids on the resulting flows.
The third goal of this project was to evaluate the performance between base membranes
and filters modified with PVME. This analysis was conducted using room temperature water
flow tests where a higher flow rate after modification, with all other variables kept constant,
would portray increased hydrophilicity. This behavior was expected since the modification
should become more hydrophilic at temperatures below, and hydrophobic at temperatures above,
~32°C.6
The final goal of this project was to find the effects different liquids have on the flow rate
through the filter’s surface. Mainly, this goal was to prove or disprove that a membrane modified
with TR polymer, such as PVME, would result in a TR behavior between polar and nonpolar
liquids on both sides of the LCST. The tests included in this research were only able to be
performed at room temperature, but further work could be done to see the effects above the
LCST.

Background
Filtration is a common method of separating two different substances. Solids and liquids
can easily be separated using a filter mesh to retain the solids while the liquid flows through. If
the solid particles are fine, then a centrifuge can be used where the remaining liquid is poured
off. Some liquids, such as bulk water and oil, are immiscible with each other and can be
separated by decanting the oil off of the water surface. Emulsions of oil and water are more
difficult to separate and need extensive processes to separate them. For such separation, using
membrane constructs consisting of stimuli-responsive polymers, such as thermo-responsive (TR)
polymers, have been attempted with some success.5,8
8

TR polymers are included in a larger family of polymers that change properties under
different stimuli. Some of these stimulants include force, pH, light, electricity, magnets, solvents,
and temperature.4 TR polymers, as the name suggests, modifies itself due to temperature
differences. One of the most common applications of TR polymers is to utilize switchable
wettability of the polymer surface increasing or reducing the attraction between the surface and
adjacent liquid. This characteristic can be applied to various roles including drug delivery,
oil/water separation, and tissue engineering.5 Wettability is commonly measured using contact
angle measurements where a superwettability surface has a contact angle more than 150° (strong
repulsive forces) or less than 5° (strong attractive forces).4 Fluid flux through membranes
modified with TR polymers has been shown to change due to the operating temperature along
with the type of fluid used (e.g. water and oil).5,8 For this project, the wettability and attractive
behavior is more thoroughly analyzed through filtration flow rates instead of contact angle
measurements due to the rough uneven surfaces of the membranes used.
The primary TR polymer that has been tested by other researchers so far is poly (Nisopropylacrylamide) (pNIPAAm), as shown in Figure 1a. pNIPAAm is one of the most
commonly used TR polymers due to its sensitivity to changes in temperature and has seen much
success in research.4 The lower critical solution temperature (LCST) is the temperature at which
a compound is in solution below this point and a solid above. Below the LCST, pNIPAAm
chains go into a loose confirmation where hydrogen bonding occurs less between the chains and
more with surrounding water molecules, making the surface hydrophilic. However, when the
temperature goes above the LCST, pNIPAAm chains transform into a close-packed
conformation where hydrogen bonding occurs solely between chains, blocking out the water,
making the surface hydrophobic.4 A depiction of these two states can be found in Figures 1b and
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1c. pNIPAAm is unsuitable for coating applications in order to perform properly at a wetted
surface, and so pNIPAAm must be grafted onto the membrane’s surface.4

(a)

(b)

(c)

Figure 1: (a) The structure of pNIPAAm within the polymer chain. (b) The loose confirmation of pNIPAAm at a
temperature below the LCST where hydrogen bonding can occur between the polymer chains and water. 5 (c) The
close-packed confirmation of pNIPAAm at a temperature above the LCST where hydrogen bonding occurs only
between the polymer chains and not with water.5

Poly (vinyl methyl ether) (PVME), as shown in Figure 2, is another common TR
polymer which was used in this experimentation. It acts in much the same way as pNIPAAm
except that hydrogen bonding comes from the oxygen and the hydrogen on the vinyl carbon
instead of the oxygen and the hydrogen on the nitrogen. PVME can be anchored onto a wide
assortment of cellulose membranes (e.g. filter paper, bacterial cellulose, and sponge) with the aid
of a silane coupling agent by annealing the polymer into the silane network.1,2 Once the PVME is
successfully attached to the membrane, it becomes a TR filter that has the potential to filter water
and oil separately at varying temperatures above and below the LCST of ~32°C.6 PVME is much
easier to work with, and cheaper, than pNIPAAm and so it is an optimal choice to use as a TR
polymer in the lab.
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Figure 2: The structure of PVME within the polymer chain.

Retaining the TR polymer onto the membrane surface can be done with various grafting
methods or by using coupling agents. Grafting would normally require expensive equipment and
tedious steps in order to grow the TR polymer off of the membranes or create active regions on
the membranes for the premade TR polymer to attach onto. The other method, used in this
research, utilizes a silane solution, typically 3-aminopropyltriethoxy silane (APTES), which is
grafted onto the cellulose membrane surface.1,2,7 A depiction of the structure of APTES can be
found in Figure 3. The silane, due to its three branches containing oxygen, creates a multilayered
network for which the TR polymer can be interwoven and anchored down to the cellulose
membrane.1,2 Not only does APTES react with pNIPAAm and PVME, but it also allows for
hydrogen bonding with the -NH2 and -O-CH3 groups which adds further stability to holding onto
the polymer.1 Lastly, the membrane grafted with the silane and layered with the TR polymer can
be annealed under heat to cross-link the silane and pNIPAAm or PVME in order to lock the
polymer into the multilayered network.1,2 This PVME/APTES network produces the final TR
filter that can be used to separate water and oil.
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Figure 3: The chemical structure of APTES where each oxygen branch can be reacted to form a silane network
grafted onto a cellulose membrane.

Experimental Method
Membranes
For these experiments, membranes refer to any cellulose based sheet or foam which can
be grafted with a silane and poly (vinyl methyl ether) (PVME) in order to create a thermoresponsive (TR) filter. Two main base membranes were used for comparison in this
experimentation, a thin sponge (~1 mm) and grade 1 Whatman filter paper. Some other
membranes evaluated under certain conditions were thicker sponge (~4 mm), foam padding (~8
mm), and very thin bacterial cellulose (BC). Examples of these samples can be found in Figures
4a-e. The thick and thin sponges were both hard, stiff, and difficult to cut. However, the thicker
sponge is visibly much more porous than the thin one. The filter paper is thin, flimsy, and has a
lot less strength than the sponge and so it can rip under pressure. Similar to the sponge, foam is
strong in the sense that it will not rip, but it will bend and compress where pressure is applied.
Finally, the thin BC sheet is mostly non-porous and very brittle. Because of this, the BC was the
least evaluated membrane.
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(a)

(b)

(d)

(c)

(e)

Figure 4: Pictures of samples of (a) thin sponge, (b) grade 1 Whatman filter paper, (c) thick sponge, (d) foam, and
(e) bacterial cellulose.

To modify the base membranes with PVME, they were dip coated with a PVME/APTES
mixture or sometimes grafted with APTES and then dip coated with PVME. These filters were
then cured so that the polymer and silane can be cross-linked forming a strong network structure.
Additionally, some membranes were modified with straight octadecyltrichlorosilane (OTS) using
the same process. The OTS is hydrophobic and is used as a control to display the potential
hydrophobicity of the PVME modified membranes. The thorough process for fabricating these
TR sheets is beyond the scope of this project so it will not be discussed any further.
Using the filtration test later prescribed, each membrane was subjected to a fluid flux in
order to test how each flow changes as the filter properties change. Each filter was placed into
the final design with a constant flux area, filled with a fluid, and the liquid flow was collected
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over a certain time to get the average flow rate. These flow rates, in terms of the membranes, are
expected to change primarily from the porosity and TR polymer modification.

Fluids
For these tests, a polar and nonpolar liquid were needed in order to test the TR selectivity
of PVME. DI water was selected as the polar liquid because it is cheap, easily accessible, and has
thoroughly explored properties. For these reasons, DI water was also used for all of the baseline
testing of membranes without the TR polymer modification. For the non-polar liquid, diesel was
selected because it is cheaper than lab grade solvents, has properties more similar to that of oil,
and is more likely to be spilled in society than typical lab solvents and, thus, the filter can show
potential uses in cleaning undesired releases. Diesel fuels contain mostly hydrocarbons in the
range of C10 – C19,3 longer chains than the most common nonpolar solvents, making it more
difficult to run experiments in bulk and at low costs when not using diesel. Both of these fluids
will be tested with the base and modified membranes in order to see how the hydrophilicity and
hydrophobicity change the flow rate of each liquid.

Setup Designs and Procedures
Development of the final filtration setup used in experimentation was an iterative
process. Most importantly, the system was required to be air tight in order to provide accurate
flow readings through the filter with minimal liquid loss. Secondarily, the arrangement needed to
control the flux area, temperature, and pressure so that the liquid and filter properties were the
only aspects to affect the flow rate. For this set of experimentation, all tests were performed at
room temperature with potential future work exploring higher temperatures.
Vacuum Filtration
The first filtration assembly was driven by vacuum where a Büchner funnel and flask,
similar to that seen in Figure 5a, was attached to an FJC Air Conditioning Products rotary
14

vacuum pump, seen in Figure 5b. A rubber seal was placed between the Büchner funnel and
flask and a rubber hose connected the flask with the pump creating a secure seal for the system.
The filter was placed in the funnel and wetted, making sure that all of the holes were covered by
the membrane. This step ensured that the fluid flux remained constant and was only flowing
through the sample itself. A vacuum was needed for this setup because the small orifices in the
funnel did not provide sufficient enough flow for testing without assistance from a pressure
differential.

(a)

(b)

Figure 5: Pictures of (a) a Büchner funnel and flask and (b) FJC Air Conditioning Products rotary vacuum pump, all
identical to the ones used.

For each test, the pieces were assembled as stated prior with the funnel, flask, seal, hose,
and vacuum pump tightly connected. The seal was tested by turning on the vacuum pump and
gently placing a hand over the funnel. If a vacuum pressure could be felt on the hand through the
glove, then a seal had been established. The pump was then turned off and a prepared cellulose
membrane was placed in the funnel making sure that all of the holes were covered. Next, the
filter was wetted with the testing fluid and the pump was again turned on. The material became
lighter as traces of liquid were pulled into the flask, showing that a seal had been established
with the filter. After a few seconds, a timer was started while simultaneously filling the funnel
15

with the test fluid and continuously refilling it when needed. Once the desired amount of time
had passed, the pump was shut off, hose disconnected, and funnel removed as quickly as possible
so that no additional liquid would be transferred into the flask. The contents within the flask was
then measured out in a graduated cylinder and divided by the collection time to get the average
flow rate.
The main problems with this setup included the pressure control along with flow
management once the timer was up. Neither the vacuum pump, nor the flask, had an accurate
pressure gauge attached so the true pressure differential across the filter was unknown.
Furthermore, the vacuum pump was prone to malfunctions and may have, therefore, provided
varying vacuum pressures throughout the runs. Besides the pressure, once the timer was
completed, it was difficult to quickly turn off the pump, depressurize the flask by removing the
hose, and remove the funnel from the flask. There were occasions when a significant amount of
liquid would drip into the flask after the run was complete, in turn, skewing the estimated
average flow rate. For these reasons, this first setup using a vacuum was abandoned.
Pressurized Filtration
Since vacuum filtration proved unsuccessful, pressurized systems using house air was
investigated. The first benefit of using this method over a vacuum is that there is more control
over the pressure. There is additional control because the air supply can be decreased to any
pressure desired using a forward pressure regulator. The second advantage is that the pressure
supply can easily be designed to be away from the testing liquid surface preventing
contamination or loss of sample through vacuum suction. Finally, pressure is beneficial when
trying to stop fluid flow since it is easier to remove a plug when pressure is pushing it outwards
instead of negative pressure holding the cap on during removal. For these setups, house air was
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attached to a PneumaticPlus miniature air pressure regulator, seen in Figure 6, which can
regulate the pressure down to 0-30 psig. The following sections describe the iterations of designs
used to hold the filters and fluid in place during experimental runs.

Figure 6: A picture of the PneumaticPlus miniature air forward pressure regulator used in the pressurized system
setup.

3D Printed Parts
For ease of changing designs in order to find the optimal one, 3D printing was
investigated as a potential method of holding the filters and liquid in place. Each design was
conceptualized using Solidworks software and printed using acrylonitrile butadiene styrene
(ABS) plastic which is strong and durable in most lab situations. The first design replicated a
threaded pipe capped on both ends. One cap was screwed on the top and contained an attachment
where the air supply could pressurize the vessel. The lower cap contained the filter which was
securely held in place by screwing in the piece until the inner lip of the cap and pipe wall met,
squeezing the edge of the filter tightly. Pictures of the first pipe design can be found in Figures
7a-d. One issue that arose was that tolerances for the 3D printer was not evaluated prior to
printing leading to larger than desired threads and, thus, the caps could not be screwed down all
of the way. The second issue was that when the pipe was filled with water, the liquid would
begin leaking through the gaps in the threading. Therefore, a new design was created and printed
to resolve these issues.
17

(a)

(b)

(c)

(d)

Figure 7: Pictures of the (a) bottom threaded cap with a hole, (b) middle threaded pipe, (c) top threaded cap with a
pressure attachment, and (d) the completed setup for the first iteration of 3D printed design. The filter would be held
between the bottom threaded cap and the threaded pipe.

To alleviate the issues caused by the threading, the second iteration of the 3D printed
setup removed the threading all together and used a flange approach instead. A flange is a type of
pipe connection where flat disks at the ends of two pipes are forced together through clamps or
bolts. The seal for a flange is typically maintained by inserting a malleable gasket between the
two surfaces. For this design, the pipe would have a flange on both ends with wetted filters
acting as the gaskets. The bottom flange would be connected to a disk, holding the filter in place,
with a hole in the center for fluid to flow through the membrane. For additional flexibility in
testing parameters, three bottom flanges were printed, each one contained a 1”, 0.75”, or 0.5”
hole so different flux areas could be utilized. The top flange would be connected to a disk with a
connector built in to be attached to the air supply. Both the top and bottom disks were held onto
the pipe using binder clips and wetted filters acted as gaskets. Pictures of the second 3D print can
be found in Figures 8a-d.
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(a)

(b)

(c)

(d)

Figure 8: Pictures of the (a) bottom disks with, from left to right, 0.5”, 0.75”, and 1” holes, (b) the middle flanged
pipe, (c) top disk with a pressure attachment, and (d) the complete setup held together with binder clips for the
second iteration of the 3D printed design. The filter would be held between the bottom disk and the flanged pipe.

For each run, the test membrane was first wetted and placed between the bottom disk,
containing the appropriately sized hole, and the pipe. The disk and pipe were then clamped down
using binder clips. The bottom of the pipe was covered with a hand while being filled with the
test liquid in order to minimize the leaking. Quickly and carefully, a blank piece of filter paper
was wetted and placed between the pipe and the top disk and was, subsequently, clamped down
with binder clips. Tubing was connected to the top disk and the pressure regulator pre-set to the
desired pressure, usually no more than 5 psig. Pressure was needed with this setup because the
liquid level (around 6” max) was not sufficient enough to achieve a steady stream due to
hydrostatic pressure. The air supply was turned on, the pipe was placed over a collection
container, and a timer was started. If the filter did not break, then, once the timer ran out, the pipe
19

was moved to a secondary container and the air was turned off. The contents of the collection
container were measured in a graduated cylinder where the volume collected was divided by the
time to get an average flow rate during the run.
There were two major problems with this design. Firstly, when pressure was applied,
there was a noticeable leak of water and air through the walls of the pipe. The 3D printer used to
print these pieces was limited and was not able to create a perfect seal within the fill of each
individual piece. The second problem was that the filters would break a majority of the time
before the test even began. These failures were the result of the oversized bottom disk holes
which might not have been able to be reduced further because either the flow rate would be too
slow or the 3D printer would not be able to print to that small of detail without issues. Therefore,
3D printing was abandoned as a viable option.
Final Design: Glass Column
To avoid all of the previous problems, the fourth and final design used a glass
Chromaflex column which had built in seals in both caps to the pipe and contained an attachment
for tubing to connect to pressure. The column was ~0.5 m tall and an inner diameter ~1.5 cm. A
slight modification was made to the bottom cap due to the fact that a permanent filter was
already in place. To reduce the effects from this filter, it was removed and any subsequent filters
used in the tests would be put in its place over a mesh supporting structure and under a metal nut
to weigh down the membrane. Pictures of this setup can be found in Figures 9a-c.
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(a)

(b)

(c)

Figure 9: (a) A picture of the final filtration setup utilizing a Chromaflex glass column with built in seals in the
caps. The bottom cap, above the collection dish, holds the filter while the top cap has a pressure tube attachment
which connects to the pressure regulator. (b) A picture of the bottom cap parts assembled together where the filter
lies between the metal nut and the mesh. (c) A picture of the unassembled bottom cap parts where the effluent
orifice is visible.

For each run, the sample membranes were cut to match the inner diameter of the bottom
cap, reducing the chances for leaking. These filters were placed into the bottom cap over the
mesh, to prevent failure of the sample, and under the metal nut, to secure the filter down. The
bottom cap was then screwed tightly onto the bottom part of the glass tube. A large dish was
placed under the column to collect any liquid that may come out prior to the test’s start. Then, a
250 mL Erlenmeyer flask was filled to the brim with the testing fluid and poured into the tube. If
little or no flow occurred (which was rare and did not occur for the sample data collected), then
the top cap would be screwed on and air pressure would be applied to the system through the
regulator. The liquid was drained completely through the filter once so that the start of the test
would not be affected by the filter soaking up liquid. Once that was completed, all of the
collected liquid was again poured into the column. However, this time a secondary dish was
placed under the column once the timer started ensuring that only the timed liquid was collected.
Finally, the volume was measured in a graduated cylinder to find the average flow rate and the
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process was repeated again. For each set of tests with a particular filter, three runs were
conducted per time and three different times were evaluated to get the overall average flow rate.
Each filter remained in use for all nine runs for the three different set times. This setup worked
perfectly, surpassing expectations, and therefore was used for all runs where data would be
collected and analyzed in this paper.

Results
Filtration Setup
As prescribed in the Experimental Methods section, the initial iterations of filtration
designs were faulty due to various flaws in each system. The vacuum filtration used an unreliable
pump with unknown pressure differentials and a difficult procedure making it hard to perform
without additional fluid being collected. Then, the first iteration of 3D printed parts could not be
secured tightly together because the threading of the pipe was too big. Finally, the second
version of 3D parts had numerous minuscule leaks which accumulated into a non-air tight vessel
with inaccurate flow readings. After all of those iterations and taking the lessons learned from
each case, the final design used a Chromaflex glass tube with built in seals in the caps. This
finished assembly provided accurate readings for flow rate and pressure while also keeping a
constant flux area across the filter. A picture of the final setup can be seen in Figures 9a-c.

Base Membrane Comparison
Filtration tests were conducted with base foam, thin sponge, and grade 1 Whatman filter
paper with water at room temperature in order to compare how the membranes themselves affect
the flow rate. Base thick sponge was unintentionally not tested for these baseline flow rates.
From these tests it was found that un-modified foam, thin sponge, and filter paper had flow rates
of 85.3±7.8, 203±14, and 24.5±1.7 mL/min respectively. Filter paper was the least porous of the
three samples which explains why its flow rate was the smallest. Additionally, the foam was
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respectively much thicker than the thin sponge (~7 mm thicker), increasing its resistance to flow
making the average flow rate of foam less than that of thin sponge. A visual representation of
these three sets of tests can be found in Figure 10.
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Figure 10: A visual representation of the flow rates of water flowing through base membranes of filter paper, thin
sponge, and foam. Steeper slopes represent faster flow rates and all tests showed linear behavior. The error bars
represent one standard deviation for the three tests performed at each time interval.

Modification Effects Comparison
One set of filtration tests were conducted with thick sponge, thin sponge, and grade 1
Whatman filter paper modified using octadecyltrichlorosilane (OTS) as a control to represent
hydrophobicity. Another set of runs were performed with thin sponge and grade 1 Whatman
filter paper modified with poly (vinyl methyl ether) (PVME) using 3-aminopropyltriethoxy
silane (APTES) as the bonding aid. These two sets of tests were done in order to compare how
different modifications affect the flow rate of water at room temperature. For the OTS grafted
membranes, the thick sponge, thin sponge, and filter paper experienced average flow rates of
296±36, 39.3±9.0, and 2.41±0.72 mL/min respectively. This change is as much as a 90% drop in
flow rate from the base filters which is expected due to the fact that OTS is hydrophobic. For the
PVME/APTES grafted membranes, the thin sponge and filter paper experienced average flow
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rates of 188.6±9.9 and 33.6±9.6 mL/min respectively. The thin sponge saw a small decrease in
flow rate which could be explained by a slight reduction in porosity from the application of
PVME. On the other hand, the filter paper’s flow rate dramatically increased by an average 37%
which helps to affirm the notion that water has a high affinity in the PVME modified filter at
room temperature. A visual representation of these tests can be found in Figure 11.
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Figure 11: A visual representation of the flow rates of room temperature water flowing through membranes of filter
paper, thin sponge, and thick sponge modified with OTS and PVME/APTES. Steeper slopes represent faster flow
rates and all tests showed linear behavior. The error bars represent one standard deviation for the three tests
performed at each time interval.

Fluid Effects Comparison
Filtration tests were conducted with base and PVME modified filter paper using diesel at
room temperature in order to compare how the fluid type (polar vs nonpolar) affects its flow rate.
From these tests it was found that un-modified and modified filter paper had flow rates of
18.2±8.1 and 10.9±5.8 mL/min respectively. The base filter saw an average reduction in flow of
about 26% and an average reduction of 67% for the PVME filter when going from the water
flow tests to the diesel ones. However, it was observed that the flow rate of successive tests for
the diesel slowed even when starting at the same fluid height and collecting for the same amount
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of time as seen in Table 1 and Figure 12. This was not due to a reduction in hydrostatic pressure
since successive tests of the same timeframe had reduced volume collection, not just for the
longer tests, meaning this was instead due to fouling. To get around this, a comparable analysis
was done by correlating the flow rates from the base filters to the modified ones for diesel and
water in their own respects. There was an average increase of 37% in water flow rate and
decrease of 40% in diesel flow rate going from the base filter to the PVME modified filter for
each respective liquid at room temperature. These changes in flow rates show that the
modification does increase the affinity for water and decrease the attraction for diesel through the
filter at room temperature. The data for these runs with the comparisons can be found in Tables
2 and 3.

Table 1: The data of successive runs (each row’s results followed the previous run without changing the filter) for
PVME modified filter paper using diesel at room temperature. This data set is an example of the general trend of
decreasing flow rates as successive tests were performed without changing the filter, showing the effects fouling has
on diesel.
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Figure 12: A visual representation of Table 1 for the flow tests of PVME modified filter paper using diesel at room
temperature. The range to which the volume collected was slowed is seen with the wide spread of data, showing the
effects fouling has on diesel.
Table 2: The comparison of water flow rate tests between the base filter paper and PVME modified filter paper.
Percent change is calculated by dividing the difference between the two tests by the flow rate of the base flow rate.

Water Filter 1
Time (min)
0.5
1
2
3
4
Rate Avg
(mL/min)

Rate (mL/min)

Percent
Change

Base
27.0
23.3
25.3
22.9
24.2

PVME
44.3
30.8
25.8

21.8%
12.7%

24.5

33.6

37.2%

64.2%

Table 3: The comparison of diesel flow rate tests between the base filter paper and PVME modified filter paper.
Percent change is calculated by dividing the difference between the two tests by the flow rate of the base flow rate.

Diesel Filter 1
Time (min)
0.5
1
2
Rate Avg
(mL/min)

Rate (mL/min)
Base
26.7
17.5
10.4

PVME
17.3
9.5
6.0

18.2

10.9

Percent
Change
-35.0%
-45.7%
-42.4%
-39.8%

A table with all of the average flow rates from all tests conducted can be found in the
Appendix Table 4.
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Discussion
There was a linear nature to the amount of volume collected over time with relatively
little variability in the calculated rate of water flow. An example of this linearity is show in the
Appendix Figure 13 where the regression for a linear fit had an R square value of 0.995 and a
significant slope which shows that a linear line is a good fit. Furthermore, a little over 250 mL of
testing liquid was used for every run with 10-130 mL being collecting each iteration. If
hydrostatic pressure was a major factor, then it would have shown in the 5-50% reduction in
liquid height. Therefore, it was deemed that hydrostatic pressure from the fluid height was not a
major factor in the flow behavior.
Porosity had a major effect on the liquid flow rate. The thick sponge, with the highest
porosity, also had the fasted flow rate out of the OTS tests. Furthermore, the grade 1 Whatman
filter paper had the smallest porosity, besides the thin bacterial cellulose, which is shown by the
filter paper having the smallest flow rate under all three modification types. A further
investigation would be needed to correlate the magnitude of the porosity to the magnitude of the
flow rate, but it is known that they are directly proportional.
The type of modification used created a large difference in flow rate between the base,
OTS modified, and PVME/APTES modified membranes. OTS modification significantly
reduced the flow rate of water at room temperature for both the filter paper and thin sponge. This
flow reduction follows the notion that OTS is hydrophobic and, thus, means it is a good control
to represent hydrophobicity with these membranes. Opposite of OTS, the PVME modification
only slightly decreased the flow rate of thin sponge, likely caused by a slight reduction in
porosity, but it greatly increased the flow rate in the filter paper. In this instance, it is likely that
the modification was maintained on the surface, not restricting the porosity, which allowed for
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the increased attraction for water to provide better ease of flow through the filter. For this reason,
PVME/APTES modification was used in the analysis comparing diesel with water.
When conducting tests with diesel, it was observed that the diesel flow rate decreased as
time progressed. Each test was conducted with three different collection times and each time was
conducted three times. Sets of tests began with the shortest time (typically 0.5 min) repeated
three times and continued from there to the longest time (typically 2 min) all performed using
one filter without any intermediate cleaning steps. When performing each test, the amount of
volume collected decreased ever time no matter how long or short the collection time was, ruling
out hydrostatic pressure as the culprit. Therefore, it is believed that fouling buildup on the filter
of the effluent column orifice slowed the flow. So, in order to compare the behavior of water to
the behavior of diesel, the diesel and water tests must be compared to themselves and not to each
other directly. This will allow for the flow rates to be more fairly compared to one another.
The diesel, on average, saw a reduction in flow rate of 40% after being modified with
PVME when compared to base filter paper diesel tests. These tests, along with the water tests
showing a 37% increase in flow, show that PVME modification increased the flow rate of water
and decreased diesel flow. This proves that PVME shows higher selectivity for water flow than
diesel at room temperature which, in turn, can create a thermo-responsive filter.

Conclusions and Recommendations
Based on the results and discussion provided, it was shown that porosity is directly
proportional to the amount of fluid flux flowing through a filter. Furthermore, poly (vinyl methyl
ether) (PVME) modified cellulose membranes with the aid of 3-aminopropyltriethoxy silane
(APTES) changes the selectivity of the filter such that it increases water flow rates and decreases
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diesel flow rates at room temperature. This shows that it is possible to create a filter which can
more thoroughly separate difficult water/oil mixtures that cannot be decanted.
There are some recommendations for future work in this research area. Firstly, more tests
would need to be conducted where the setup would be cleaned and the filter changed after every
single individual test. This would help to reduce the effects of fouling through diesel. Secondly,
tests at temperatures above the lower critical solution temperature (LCST) (~32°C)6 need to be
conducted to see if, in fact, PVME modification has a higher affinity for nonpolar liquids and
lower attraction for polar liquids. Lastly, contact angle measurements need to be accurately
tested and compared to the filtration results as a secondary approval or disproval that the
modified filters can selectively allow water or oil to flow freely.
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Appendix
Table 4: A summary of all of the average flow rate tests performed. Note that the diesel tests were affected by
fouling leading to lower average flow rates; refer to Table 1 or Figure 12 for more information.

Average Flow Rate (mL/min)
Base
OTS
PVME

Water

Foam
Thick Sponge
Filter 1
Thin Sponge

Diesel

Filter 1

85.3
24.5
203.2

295.7
2.4
39.3

33.6
188.6

18.2

11.1

10.9

SUMMARY OUTPUT
Regression Statistics
Multiple R
0.997565219
R Square
0.995136366
Adjusted R Square 0.895136366
Standard Error
4.127656895
Observations
11
ANOVA
df
Regression
Residual
Total

1
10
11
Coefficients

Intercept
Time (min)

0
23.95473251

SS
MS
F
Significance F
34860.12449 34860.12449 2046.075964 6.30848E-12
170.3755144 17.03755144
35030.5
Standard Error
#N/A
0.529578627

t Stat
P-value
Lower 95%
Upper 95%
#N/A
#N/A
#N/A
#N/A
45.2335712 6.71099E-13 22.7747578 25.13470722

Figure 13: An example of a linear regression performed using base filter paper with water at room temperature. The
R square value of 0.995, which is close to 1, shows that the linear fit is a good representation of the data with a
significant slope (flow rate) indicated by a p-value essentially zero.
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